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FOREWORD

The mater ial presented herein constitutes the annua l report for

Contract  F 33 6 15- 77-C- 50 53,  uFa t igue Fai lure of Composite Lam i nates~ ,

for the period from May 1977 to Apr i l  1 978. The overa ll objective of

this prog ram was to conduct basic research on the fatigue failure of

composite laminates as a funct ion of environmenta l exposure and the history

of loading, inc luding the effects of load l eve l , frequency , sequencing,

random loading , and compression. The program was ori g inated to provide

a coherent , re l iab le data base for the graphite/epoxy mater ia l ,

AS/ 350 1-5A , which has been se lected for design use by the Air Force .

Four lam inate layups , i.e. [O °16 ~~~ 
[90 °18 pl y ’ ~.t 

4
~~

12s ’ and

[0/0/90/+45] , were chosen for th is  study , and the laminate p lates

fabr ica ted at the Univers ity of Dayton Research Ins t i tu te .  Over the

f i r s t  yea r of e f for t , the fo l low ing resul ts  have been obta ined .

1 . The static tensi le strength distributions have been statistically

defined in terms of Weibull distribution parameters for the following

four laminates: [0°]6 ~~~ 
[90°}8 p ly ’ ~.t ~~~‘2s ’ and [O/0/9O/~~51~~.

2. The S-N relationship for a [ 
~~~~~ 

laminate has been defined

in terms of both logari thmic and power law equations .

3. The life time distributions of the [+ Li 5]  laminate have been

defined at each app l ied st ress leve l , as w e l l  as for the entire normalized

curve , in terms of a two-parameter W e ibu ll distribution.

4. The l if e t ime  d is t r ibut ions of the [ 0 ) 6 ply and [90 °J 8 ~~~
laminates have been defined at 9O~ of their average static strengths in

terms o f a two-parameter We ibu l l  d i s t r i bu t i on .

5. The temperature rise throughout the fatigue testing reached a

max i mum of 5 °C.
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SECTION I

INTRODUCTION

Ove r the last ten years , a number of high-temperature mod ified

epoxy resins have been developed for use as matrices in hi gh performance

compos i te materials. These material s were developed to withstand the

high use temperatures encountered by high speed aircraft and other

military hardware.

The U. S. Air Force is now maki ng an increasing commitment to the

use of advanced compos i tes in streng th-critica l , safety-of-flight

structures . In so do i ng, proven life cycle durability is likely to be

required prior to production acceptance. Any such durability anal ysis

will  have to include load-environmen tal effects on an accelerated time

frame basis because real-time and expense considerations make full-scale

proof testing i nfeasible. To imp l emen t such an anal ysis , the time frame

will have to be truncated and there wil l  have to be some sort of test

verification of the analysis. The critical element in providing the

needed durability analysis is a reliable data base wh i ch includes the

effects of combined moisture-therma l environments. In addition to

providing design inputs , such a data base would also serve as a specifica-

tions guideline to quality contro l each step as the material is processed .

Th is report summarizes the results of the first year of a three-year

effort to provide a reliable fatigue data base. Experimental procedures

are descr ibed and res u l ts p resen ted for sta ti c tens i l e  tes ts and un ia x i al

tension-tension fati gue tests on four graphite/epoxy (AS/3501-5A)

la m i na tes : 
~°~~6 pl y ’ 

[90°] 8 ply ’ ft 4~~1 2~ ’ 
and [0/0/901±. ~~~~

•— ~~. .__s~a~~~~~~~~~~~~~~~~~ .l~~~~~
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SECTION I I

EXPERIMENTAL PROCEDURE

The prepreg material selected for this study is AS/ 3501-5A

graphite/epoxy manufactured by Hercules , I ncorporated . The standard

cure cycle with the exception of the post cure was used to fabrica te

61 cm (21, )  by 61 cm samp le plates at the University of Dayton Research

Institute. Three samp le plates were fabricated for each of the following

laminate configurations: [001
6 p l y, [9O

~I8 ~~~ 
[t~5°1~5~ and [O/OI9O/+45]~~.

Table I lists the specific gravity and resin content for each samp le plate .

The photomicrographs for these lamina te p lates are shown in Figures Ia ,

lb , lc , and l d .

All tensile static and tension-tension fati gue specimens were 2.5 cm

(0.9811) wide and 15 cm (5 .9lhi ) long with 7.5 cm (2.9511) of gage section.

Each specime n was tabbed us i ng 0.16 cm (O.0625”)-thick glass epoxy , and

was divided into 5 zones , name l y A , B , C , D , and E , to specif y the location

of the failure surface in each specimen. Figure 2 illustrates the test

specimen construction and the zone designation.

Static tensile tests were done on twe l ve specimens for each of the

four laminate configurations. Three of the 12 specimens were mounted

• with strain-gages to determine the Poisson ’s ra ti o. A l l  tes ts were

pe r for med on a MTS mach i ne under load cont rol a t a loa d ing ra te of

89 N/sec (20 lb/sec) . Tension-tension fatigue tests were also performed

ulider load control on the eletrohydrau lic eight-stat ion test frame

(Fi gure 3). The stress ratio in fatigue was 0.1 , and the f requency was

2/3 Hz. Figure 4 shows the mounting ji gs used in the static and fatigue

tests.

2
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Data acquisition for all tests was accomplished with a PDP-8

on-line computer.

1. Resul ts

a. Static Properties:

Tables 2, 3, k, and 5 list the tensile static test results

for the four laminate configurations , i.e. [001 6 ply ’ [90
01
8 pl y ’

[t45°1 25 , and [0/0/90/+45] . A least-squares linea r fit was emp l oyed

to obtain the longitudinal stiffness modulus for the [0°] 6 P I
~~ 

[90°]8 ~~~
and [0/O/90/+45]~ specimen , as well as the initial tangent modulus , E0,

for the [+1450]
25 

spec i men. The Poisson I S ratios were also obtained

through a least-squares linear fit of the E
L
_
~ LT data . A typ ica l

stress—strain respon se of [+4501 25 graph i te/epoxy in uniaxia l static

tension is shown in Figure 5. The failure modes for the four lam i nate

configurations are shown in Fi gure 6. The probability of surviva l (s)

for each laminate is obtained by fitting the data with a two-parameter

Weibu l l distribution :

S = exp [ - (X/X )~ ] (1)

where X is the experimental static strength. The results are plotted

in Fi gu res 7, 8, 9, and 10.

b. Fatigue Properties :

1) ft45°] 25 Lam i nate:

The fatigue life of the [±
~
5 12s 

laminate was determined at four

stress levels. The S—N data , Figure 1 1 , were fit by a straight line ,

3
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~~ max I’X
o 

= m lo g N + b (2)

m = - 0.0752,

b = 1.035 ,

Standard Deviation (STD) = 0.026

and by a powe r law ,

S I X  = cN
d (

~
)

d = - 0.0434,

c = 1.096 ,

STD. = 0.029

where is obta i ned from Equation (1) and is the average static

strength .

The temperature change dur ing fa t i gue , which was recorded w i t h  a

temperature s t r a i n  gage , was under 5 °C .  The fa t i gue f a i l u re  mode was

not much d i f fe ren t  f rom the s t a t i c  fa i l u re  mode. Under a low s t ress

fat igue ra t i o , i .e .  S / X  < 0.7,  delaminat ion of the outer p ly was

-
• observed onl y a few cyc l es prior to ultimate failure .

The probability of surviva l , Sf, at each app lied stress leve l is

obtained by fitting the fatigue life data with a two - parameter Weibu ll

distribution : S.

S
f 

= exp [ _ (N/N )a ] (4)

The results are p lotted in Fi gures 12 , 13, and l L i and show a reasona b le

fit of the distribution.

Scatter in the pool ed life data was also analyzed by using a

two—parameter We i bu l l distribution :

-
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-_- 

~~~~~~~

- 

4

L 
- - - • - -

~~~~~.&~i~-

- • -•.~ -—• _ —‘- —~~ —.~~~~ •• .—_ -. - • - 
- . .. .- • . 

-• . - - • 
— —

V.— — — ~~~~~~~ ~~~. .~~. ... iL...



r••
_ -... 

~~~~~~~~~~~~~~~ 

/ . 
~~~~~~~~~~~~~~~~~~~~~~~~~~ 

—
~
-. —--•..,-

-- •

~~~~

.

R
f 

= exp [ - (~i/N)~~ 
] (5)

N = N /N th (normalized li fe data)

where N
th is the predicted life from Equation (3) and Rf is the

probability of the life being longer than N. The results are p lotted

in Figure 15 along with all the normalized life data . The curve

shows a fairly reasonable f i t  even though the shape parameter af was

assumed to be independent of the applied stress l eve l , 5max~
Using Equations (3) and (5), we can obtain a S-N curve

corresp onding to any des i red reliability . A S—N curve for 90?.~

probability of surviva l , i.e. Rf 
= 0.9, is shown in Fi gure 11 as an

example.

2) [0°] Laminate.
• 6 ply

The fatigue life of the [0°]6 p l y  laminate was obtained at an app lied

stress leve l SmaX /X C 9O~ , and was fitted with a two-pa rameter We i bu l l

distr ibution to obtain the probability of surviva l , Sf:

Sf 
= exp [ _N/N

0)
a ]

The results are plotted in Figure 16.

- 

- 3) [90°]~ ply Laminate.

The fatigue life of the [9o°]8 ply laminate was done at the applied

stress leve l S a /Xo 9O°/~. The probability of survival. Sf ,  was o b t a i n e d
- 

- by fitting the data with a two-parameter Weibull distribut ion:

Sf = exp 
[ -(N/N0)~ 

]

The results are plotted in Fi gure 17.

5
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TABLE 1

Physica l Properties of Lam i na te Plates

Plate Laminate Specific ° Resin
Number Orientation Grav i ty Content

1 00 , 6 p ly 1.62 26.28

2 0
0
, 6 p l y 1.63 26.66

3 0
0
, 6 ply 1.62 26.93

Li 0°, 8 p ly 1.62 26.83

5 0
0

, 8 ply 1.62 27.72

6 0°, 9 p ly 1.61 26.75

7 ±.~
5°
~ 
8 ply 1.61 27 .114

8 ±.~
5°
~ 
8 p ly 1.61 27.80

9 +1~5°, 8 ply 1.59 29.91

10 [O 0/O 0/9O 0/+1l5 0]~~ 1.60 30.22

II f0°/O°/90°/+hS°]
5 

1 62 27 12

12 [oo/oo/900/+45o] 1.61 27.28

S.

6
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